kinetics. Thus, the amphibian red cone behaves to We attribute this significant level of free opsin to the some extent like a rod that is already light adapted, low concentration of intracellular free 11-cis retinal, even in darkness. estimated to be only a tiny fraction (w0.1 %) of the Another difference between rod and cone visual pigpigment content in red cones. With its constitutive ments is that, at least in solution, the covalent bond transducin-stimulating activity, the free cone opsin (Schiff base) between 11-cis retinal and cone opsins produces an w2-fold desensitization in red cones, (but not rod opsins) can be spontaneously broken withequivalent to that produced by a steady light causing out isomerization (Matsumoto et al., 1975; Crescitelli, 500 photoisomerizations s −1 . Cone pigment dissoci-1984). In other words, the covalent association beation therefore contributes to the sensitivity differtween cone opsin and 11-cis retinal is reversible. While ence between rods and cones. this observation has been long standing, its validity in intact cones and its physiological significance have Introduction never been examined. Because free opsin constitutively activates the phototransduction pathway, albeit Rods and cones share the same principles of photoweakly, we reason that its presence in any substantial transduction (see, for example, Yau, 1994). This proamount due to pigment dissociation should trigger cess begins with the activation of the visual pigment, adaptation and reduce sensitivity. We report here exwhich consists of an apoprotein (opsin) covalently atperiments on salamander cones that have confirmed tached to a chromophore (11-cis retinal). Absorption of this idea. We find that dissociation seems to be a genea photon by the chromophore triggers its isomerization ral property of cone pigments. The reversibility of cone from the 11-cis to the all-trans state (Hubbard and pigment formation also provides a unique opportunity Brown, 1958), leading to conformational rearrangeto estimate the concentration of free 11-cis retinal in ments and activation of opsin. Through a G proteinthe intact cone, an important but so far unknown pamediated signaling pathway, this pigment activation rameter. ultimately results in the closure of cGMP-gated, nonselective cation channels on the plasma membrane of the enous chromophore to replace the native chromophore
containing 100 M 9-cis retinal, and (3) dark-adapted followed by incubation for 5 hr in Ringer's solution containing 100 M 9-cis retinal. All three spectra in Figure  1A have been normalized to unity height at their respective λ max . The absorption spectrum of the red cone in control solution peaks at 613 ± 3 nm (mean ± SEM, n = 4). As expected, after a bleach by bright white light followed by dark incubation with 9-cis retinal, the absorption spectrum was substantially blue shifted (λ max = 531 ± 4 nm, n = 4). A comparable blue shift, however, was observed after dark incubation with 9-cis retinal without prebleaching (λ max = 526 ± 4 nm, n = 7; the difference between this value and the above value obtained after a white-light bleach and regeneration is probably not significant). Thus, there appears to be an exchange of 9-cis retinal for 11-cis retinal in the red cone pigment in darkness. The shifts in λ max in the latter two conditions were larger than expected from the λ max of 542 nm for 9-cis red cone pigment reported by Makino et al. (1999) based on electrophysiology. However, the published λ max for 9-cis red cone pigment is not hard-and-fast-two other measurements gave 500 nm (Chen et al., 1989 ) and 534 nm (Fukada et al., 1990) , respectively, with the latter very close to ours. We have adopted our measurement of 531 nm for subsequent experiments and associated calculations (but see later).
We repeated the same experiments with salamander red rods ( Figure 1B) . The absorption spectrum in control solution showed a λ max at 514 ± 1 nm (n = 12). A blue shift of the absorption spectrum was produced by 9-cis retinal after a bleach by bright white light, with a room temperature (bottom panels). In all panels, the dashed line indicates the position of absorption λ max for dark-adapted red rods and red cones, respectively.
Blue Shift in Action Spectrum of Red Cones Induced by Exogenous 9-cis Retinal
To measure the pigment dissociation in intact cones more precisely, we monitored the spectral shift proin cone pigment in darkness (Matsumoto et al., 1975) . Accordingly, to check for this property in intact cells, duced by 9-cis retinal (in suspended lipid vesicles or in 0.1% ethanol, as above) in individual red cones with we incubated dark-adapted salamander red cones in Ringer's solution containing 9-cis retinal (in suspended suction-pipette recording. We measured the flash sensitivity of individual cells at two arbitrary wavelengths, lipid vesicles or in 0.1% ethanol, see Experimental Procedures) and examined for chromophore exchange in 600 nm (where the difference between 11-cis and 9-cis red cone pigments is considerable) and 480 nm (near single red cones using microspectrophotometry. In the larval tiger salamander retina, with 11-cis 3-dehydrothe isosbetic point, though this is not crucial; see, for example, Figure 2C ). By using the ratio of sensitivities retinal (A2) and 11-cis retinal (A1) both present, the red cones contain a mixture of pigments: 11-cis A2 pigment at two wavelengths, we removed any progressive change in sensitivity over time that was unrelated to with a λ max at 620 nm and 11-cis A1 pigment with a λ max at 562 nm (Hárosi, 1975; Makino and Dodd, 1996;  chromophore exchange. First, by linearly combining the spectral templates for 11-cis A1 and A2 red cone pigMakino et al., 1999). Because 9-cis retinal combines with salamander red cone opsin to form a pigment with ments (shown normalized in Figure 2A ; see Govardovskii et al., 2000; Makino et al., 1999; and Experimental a λ max shorter than those of the 11-cis A1 and A2 pigments (Makino et al., 1999; see also later), the formation Procedures) with different weighting factors, we generated a calibration curve that converts the 600 nm/480 of this pigment should produce a blue shift in the absorption spectrum of the cell. nm sensitivity ratio (S 600 /S 480 ) into an 11-cis A1/A2 pigment ratio prior to 9-cis retinal incubation ( Figure  Figure 1A shows sample absorption spectra from single red cones under three conditions: (1) dark-adapted 2B). The average log 10 (S 600 /S 480 ) value from ten darkadapted red cones was 0.54 ± 0.02 (SEM), correspondin control Ringer's solution, (2) bleached by bright white light followed by dark incubation in Ringer's solution ing to 48% 11-cis A1 and 52% 11-cis A2 pigments (indi- (B) Calibration curve for determining the fractions of A1 and A2 chromophores in dark-adapted red cones based on their sensitivities at 600 nm and 480 nm. The spectral templates for A1 and A2 pigment were combined with different weighting factors and, for each, the predicted sensitivity ratio at 600 nm and 480 nm, log(S 600 /S 480 ), was calculated (black squares; see Experimental Procedures). The solid curve is an empirical fit to the points. The average log(S 600 /S 480 ) for dark-adapted red cones was 0.54, corresponding to 48% A1 and 52% A2 pigment (red circle). (C) A composite 11-cis template was constructed consisting of 48% A1 and 52% A2 templates. This composite 11-cis template and the 9-cis template were then combined with different weighting factors and the predicted log(S 600 /S 480 ) calculated (see Experimental Procedures). (D) Calibration curve to convert log(S 600 /S 480 ) into percentage of 9-cis pigment incorporated. The points are calculated from different linear combinations of the 48% 11-cis A1/52% 11-cis A2 composite template and the 9-cis template, and the curve is an empirical fit to the points. Incubation of dark-adapted red cones with 10 M and 100 M 9-cis retinal for 16 hr at room temperature resulted in average blue spectral shift to log(S 600 /S 480 ) of 0.36 and −0.18 respectively, corresponding to 36% and 88% 9-cis pigment (red circles). Figure 2B ). These values are broadly corresponding to 36% 9-cis retinal incorporation into the pigment. consistent with those reported in previous studies (Hárosi, 1975; Makino and Dodd, 1996) .
cated in red in
Next, by linearly combining the 48% 11-cis A1/52% 11-cis A2 composite template and the 9-cis A1 temTime Course of Chromophore Exchange The time course of chromophore exchange could be plate with different weighting factors ( Figure 2C ), we obtained another calibration curve ( Figure 2D ) that confollowed by continuously monitoring S 600 /S 480 during exposure of an isolated red cone to 100 M 9-cis retiverts the S 600 /S 480 ratio in the presence of 9-cis retinal into a percentage of 9-cis pigment. The composite temnal. Figure 3A shows flash intensity-response relations for the cell, measured at 600 nm and 480 nm, in control plates in Figure 2C show decreasing peak absorption with increasing 9-cis pigment because the quantum Ringer's solution (black and red filled symbols, respectively; solid lines) and after about 3 hr of dark incubaefficiency is lower for 9-cis pigment than for 11-cis pigment (see Experimental Procedures). To validate the tion with 100 M 9-cis retinal (open symbols, dashed lines). Exposure to 9-cis retinal-containing solution incalibration curve in Figure 2D (representing averaged data), we used it to calculate the level of 9-cis pigment duced a decrease in the sensitivity at 600 nm and a slight increase in the sensitivity at 480 nm, consistent in red cones after dark incubation with 100 M 9-cis retinal following a bright white bleaching light, which with a gradual replacement of the native 11-cis retinal by 9-cis retinal in the visual pigment. Figure 3B gives should remove most of native 11-cis retinal from the pigment. The resulting log 10 (S 600 /S 480 ) was −0.20 ± 0.03 the full set of measurements over time. From the calibration curve in Figure 2B , the initial, dark-adapted (n = 9), giving 89% 9-cis pigment; the difference from 100% could be due to incomplete bleach and/or some S 600 /S 480 value corresponded to a 35%/65% 11-cis A1/ A2 pigment ratio for this cell (note that the ratio of A1/ photoregeneration during the bleach (Azuma and Azuma, 1980; Grimm et al., 2000) . A2 pigments varies among cells; see Makino and Dodd, 1996) . With a composite spectral template constructed With the overall strategy validated, we incubated isolated red cones in a Ringer's solution containing 100 from these initial percentages and weighted amounts of 9-cis retinal ( Figure 3C , similar in type to that in Fig-M 9-cis retinal in darkness for 16 hr (room temperature) and measured the degree of spontaneous chroure 2D), the time course of S 600 /S 480 can be converted into a percentage of 9-cis retinal incorporated over time mophore exchange. On average, log 10 (S 600 /S 480 ) was −0.18 ± 0.03 (n = 5) at the end of the incubation, which, ( Figure 3D ). In this cell, incubation with 100 M 9-cis retinal for 3 hr resulted in replacement of 66% of the according to the relation in Figure 2D , corresponds to 88% chromophore exchange. Thus, given sufficient native chromophore. Subsequent bleaching by bright white light followed by 9-cis retinal reincubation retime, this exchange can potentially reach completion in darkness. Incubation of the cells with a 10-fold lower sulted in 90% of the pigment being occupied by this chromophore (last time point in Figure 3D) . A single-9-cis retinal (10 M) for the same time period produced a log 10 (S 600 /S 480 ) of 0.36 ± 0.05 (n = 3) in red cones, exponential curve fitted to this exchange time course gave a time constant of 168 min. The average time conretinal. Thus, the chromophore released from the cone pigment was 11-cis retinal, which CRALBP was able to stant from five experiments was 160 ±11 min.
We have repeated the calculations in the experiremove in the above experiments, causing a progressive accumulation of free opsin and therefore dements of Figures 2 and 3 with an absorption template of λ max = 542 nm for 9-cis red cone pigment (Makino et sensitization of the cell. In effect, exposure to CRALBP in darkness converts dark-adapted cones into cones al., 1999). In this case, the time constant for the chromophore exchange in the experiment of Figure 3D that behave as if they were bleach adapted by bright light. The level of bleaching caused by CRALBP could would be 156 min instead, and the average from the five experiments would be 141 ± 15 min, not too difbe estimated by comparing the CRALBP-induced desensitization with the desensitization produced in red ferent from the above values.
The vehicle used for delivery of the exogenous chrocones by light that bleached known percentages of pigment ( Figure 4C ; data averaged from eight cells; postmophore was not critical for the exchange. Thus, similar results were obtained whether 9-cis retinal was debleach sensitivity was measured after the cell had reached steady state). In this way, a sensitivity reduclivered in lipid vesicles or in 0.1% ethanol (data not shown). As negative controls, incubation in normal tion by 1.39 log units after 24 hr incubation with 100 M CRALBP is equivalent to a 72% bleach. Generally, Ringer's alone had no effect on spectral or absolute sensitivity (nine cells; data not shown).
higher be a specific interaction between retinal binding proment, with a time constant of about 19 min (equal to the reciprocal of the difference between the decline rate teins and the chromophore. Also, we found that CRALBP was able to remove retinal and desensitize a constants with and without CRALBP), is considerably faster than that observed in intact cones. The likely exdark-adapted red cone even when only the cell's inner segment was exposed to the protein (with the outer planation is that CRALBP has more direct access to the chromophore in vitro than in intact cones. segment drawn into the recording pipette in this case; three cells, data not shown). This result is consistent with a previous observation that, in salamander red Presence of Free Opsin in Dark-Adapted Red Cones, Blue Cones, and Green Rods cones, free chromophore can diffuse longitudinally between the inner and outer segments (Jin et al., 1994).
The desensitization and acceleration in response kinetics produced in red cones by CRALBP could be comThe difference between CRALBP and BSA in the ability to remove chromophore from red cone pigment was pletely reversed by treating the cells with 11-cis retinal afterward ( Figures 4A and 4B) . Surprisingly, such reverconfirmed by in vitro spectrophotometric measurements on recombinant red cone pigment purified from sal in sensitivity and response kinetics by 11-cis retinal overshot the initial dark-adapted state, suggesting the COS cells. In the experiment of Figure 4E , the visual pigment in control solution showed a slow rate of decay presence of free opsin already in dark-adapted red cones. Indeed, even freshly dissociated, dark-adapted (with a single-exponential time constant of about 156 min), presumably reflecting slow denaturation of the red cones treated immediately with 100 M 11-cis retinal showed an increase in flash sensitivity by 0.28 ± protein. In the presence of 8.5 M CRALBP, but not 1% BSA, the rate of decay of visual pigment was consider-0.04 log units (n = 18) (see, for example, Figure 5A ). This increase in sensitivity was much faster than the time ably accelerated, representing the dark dissociation of pigment, which was rendered irreversible in the prescourse of chromophore exchange observed with 9-cis retinal (cf. Figure 3D) , and the rate was also similar to ence of CRALBP. The in vitro dissociation of the pig- In contrast to red cones, dark-adapted red rods ered in the same way had no effect (n = 6, not shown), nor did the vehicle 0.1% EtOH (see earlier). Incidentally, treated with 100 M 11-cis retinal showed no change in sensitivity, consistent with the stability of rod pigthe increase in flash sensitivity of dark-adapted red cones produced by 11-cis retinal was not accompanied ment (n = 5, see Figure 5B for example). How about blue cones and green rods? These photoreceptors are by a decrease in dark noise (three cells; data not shown). This result demonstrates that free opsin is not unusual in that they share the same visual pigment, namely, a blue cone pigment (Ma et al., 2001 ). Treata significant source of dark noise, consistent with the notion that free cone opsin elicits very small unitary rement of dark-adapted blue cones with 100 M 11-cis retinal increased their sensitivity by 0.41 ± 0.04 log units sponses (Cornwall et al., 1995) .
How much free opsin is present in dark-adapted red (n = 11, see Figure 5C for example). Likewise, treatment of green rods with retinal increased their sensitivity by cones? From the measured relation between degree of desensitization and light bleach ( Figure 4C ), a sensitiv-0.28 ± 0.02 log units (n = 2, see Figure 5D for example). Thus, at least qualitatively similar to red cone opsin, ity increase in darkness of 0.28 ± 0.04 log units by 11-cis A1 retinal indicates 12.6% ± 1.7% free opsin in the blue cone opsin shows dissociation in darkness. Moreover, the fact that blue cones and green rods, which red cones in darkness. Likewise, a dark-sensitivity increase of 0.19 ± 0.05 log units produced by 11-cis A2 have the same pigment but distinct rod-versus-cone morphology and intracellular environments, both show retinal (see above) corresponds to 8.4% ± 2.2% free opsin in darkness (n = 10). It is unlikely that the differpigment dissociation indicates that it is the pigment itself rather than unique features in cones that deterence in percentage between A1 and A2 retinal treatments resulted merely from the higher extinction coeffimines pigment stability. ., 1975) . We have shown in this paper that the same dissociation occurs in single intact cones. This pigment instability appears to be common to at least red and blue cone pigments. Moreover, this dissociation is independent of the cellular environment, in that the blue pigment shows the same tendency to dissociate whether in blue cones or green rods (unusual rods absent in higher vertebrates), both of which naturally express this pigment. By contrast, red rod pigment does not appear to show any dissociation.
The dark dissociation of cone pigments may be a manifestation of the same molecular properties that underlie their susceptibility to chemical attack. The Schiff base between rod opsin and retinal is resistant to alum, hydroxylamine, and alkaline/acidic conditions. In contrast, the covalent bond between cone opsin and 11-cis retinal is hydrolyzed by these reagents ( The tendency of cone pigments to dissociate into chrosensitization due to free opsin in dark-adapted red mophore and opsin means that an equilibrium exists in cones, measured above to be 0.24 log units (mean of darkness between free and chromophore-bound opsin. 0.28 and 0.19 obtained from 11-cis A1 and A2 retinals, For red cones, we have estimated that w10% of their respectively), is thus equivalent to about 500 isomerizaopsin does not have 11-cis retinal even under darktions (R*) s −1 . Previously, we have estimated the rate adapted conditions. This high percentage is rather unof thermal isomerization of pigment in salamander red expected. We have derived this percentage from the cones to be w200 R* s −1 (Kefalov et al., 2003; see also observation that exogenously applied 11-cis retinal Rieke and Baylor, 2000). Hence, the effect of dark produced an average 2-fold increase in the flash sensidissociation of red cone pigment is comparable to, or tivity of dark-adapted red cones, an effect equal and larger than, the effect of thermal isomerization of the opposite to that produced by a 10% bleach by light. pigment.
Based on similar experiments, we conclude that free opsin is also present in dark-adapted blue cones and green rods, but not in dark-adapted red rods. This free Discussion opsin in cones is unlikely to be an artifact resulting from unintentional exposure to light, because the animals Dark Dissociation of Cone Pigments into Opsin and 11-cis Retinal were dark-adapted overnight prior to experiments and were euthanized in very dim red light, with all subseIt has previously been reported that cone pigment in solution can dissociate into opsin and 11-cis retinal quent procedures performed under infrared light. More-over, the fact that free opsin was uniformly found in red deed, the same CRALBP experiment in solution gave an even higher k off , about 1/19 min −1 (see Figure 4E and cones (λ max w620 nm), blue cones, and green rods (both λ max w440 nm), but not red rods (λ max w521 nm) associated text) (a similar k off can be deduced from the in vitro data shown in Figure 1 of Matsumoto et al., argues against the free opsin being caused by bleaching due to red or infrared light. We have not derived the 1975). Thus, the k off of 1/140 min −1 used in the above calculations is best considered as an "effective" k off , percentages of free opsin in blue cones and green rods, because we did not measure the bleaching curves (the influenced by the native environment of the cone cell. Nonetheless, this is probably the more appropriate equivalent of Figure 4C ) in these cells, a requirement for converting desensitization into free-opsin content.
parameter to use for calculations because it reflects the native condition. Our estimation of the concentration of free 11-cis retFree 11-cis Retinal Concentration inal in cones is possible only because of the dissociin Dark-Adapted Red Cones ation property of cone pigments. The very low amount It is possible to derive a rough estimate of the concenof free chromophore that we have arrived at explains tration of native free 11-cis retinal available for pigment the lack of obvious pigment regeneration observed in regeneration in dark-adapted red cones. Assuming that isolated cones after a bleach (Jones et al., 1989) . One the concentration of exogenous 9-cis retinal (nominally may ask: why does the cone not increase its store of 100 M) in the chromophore-exchange experiment is free 11-cis retinal so that all of its opsin is chromophore high enough that the rate-limiting step in the exchange bound? Considering that 11-cis retinal (being an alderesides in the dissociation of the native chromophore hyde) is highly reactive, there may be good reasons from cone pigment, the off-rate (k off ) is simply given by why the cones do not have a large reserve of it, relegatthe reciprocal of the time constant of the exchange, i.e., ing this storage instead to specialized cells such as the w1/160 min −1 (we have assumed implicitly here that pigment epithelium. As pointed out earlier, the dissoci-11-cis A1 and A2 retinals dissociate from cone opsin ation property of cone pigment may be an inevitable with the same rate constant). Previously, it has been byproduct of other functionally more important propershown that nominal 50 M exogenous 11-cis retinal reties, such as the rapid decay of its photoproducts and stores the dark-adapted state of a bleached salamanits rapid regeneration from 11-cis retinal and cone opsin. der red cone with a time constant of w1 min (see Figure In salamander red cones, the 2-fold desensitization due to dark dissociation of the red cone pigment is equivaw2.8 M, or corresponding to just 0.1% of the total pigment concentration in a cone cell (3.5 mM; see lent to that produced by a steady light giving w500 photoisomerizations (R*) s −1 . This level of dark light is Hárosi, 1975) . In the last step of the above calculations, we have assumed that exogenous and native free chrocomparable to, or actually exceeds, that due to thermal isomerization of the same pigment, which we have premophores have identical access to the opsin (i.e., similar k on 's). Considering the hydrophobicity of 11-cis retiviously estimated to be w200 R* s −1 (Kefalov et al., 2003; see also Rieke and Baylor, 2000) . For blue cones, nal, this is perhaps not an unreasonable assumption. k off can also be calculated as the reciprocal of the there is a remarkably similar 2-fold desensitization produced by blue pigment dissociation. With the blue cone decay time constant of the holopigment content in a cone cell during exposure to CRALBP ( Figure 4D ). In pigment thought to have a much lower rate of thermal isomerization than red cone pigment (Rieke and Baylor, these experiments, the rate of decline was rather variable from cell to cell, which we attribute to the lack of 2000), dissociation is probably the only significant mechanism by which photopigment contributes to the sensistirring of the bath solution immediately adjacent to the outer segment. The two cells with the fastest declines tivity difference between blue cones and (red) rods, because rod and cone pigments are otherwise known to would give k off w1/65 min −1 , about 2-fold higher than the value derived above from the exchange experiment signal indistinguishably downstream (Kefalov et al., 2003) . How much of the overall difference in sensitivity bewith 9-cis retinal. One possibility for this disparity is that, given its hydrophobicity, the chromophore moletween salamander red rods and red cones in darkness can be accounted for at the pigment level? Previously, cule that has just dissociated from an opsin molecule may stay briefly in the vicinity of the binding pocket and based on the idea that, except for cone pigment instability, rods and cones operate along the same lightthus may recombine with the opsin unless taken away by CRALBP. Accordingly, the k off value derived from the adaptation curve, we deduced that a spontaneous isomerization rate of w200 R* s −1 in red cones should CRALBP experiment may be closer to the true k off . In-make these cells 6-to 7-fold less sensitive than red would not necessarily increase by as much as 6-to 7-fold if their spontaneous isomerizations were rerods (Kefalov et al., 2003) . This reasoning is based on the fact that salamander green rods and blue cones, moved (a situation that, unfortunately, cannot be verified experimentally at present). Instead, the sensitivity which share the same pigment, indeed have similar single-photon response amplitudes and kinetics (Ma et beads were washed extensively with 0.1% dodecyl maltoside in To create the calibration curve with 9-cis retinal incorporation PBS and the pigment eluted with the same buffer containing 175 ( Figure 2D) , we combined the above composite 11-cis template, M peptide corresponding to the final 9 amino-acid residues of 11-CIS(λ), with the 9-cis red cone pigment template, 9-CIS(λ), as rhodopsin. (1 − y) 11-CIS(λ) + 0.32 y 9-CIS(λ), where y is a variable fraction in UV-visible absorption spectra were recorded on pigment sam-9-cis pigment and 11-CIS(λ) = 0.48 A 1 (λ) + 0.71 × 0.52 A 2 (λ) (see ples with a 1.0 cm path length at room temperature (22°C). 10 l of last paragraph). The factor 0.32 reflects the fact that the quantum BTP buffer alone or containing 8.5 M CRALBP or 1% bovine seefficiency of the 9-cis pigment is only 0.3 of the quantum efficiency rum albumin was added to 90 l of pigment in 0.1% dodecyl maltoof the 11-cis pigments, but it has a higher extinction coefficient side in PBS, pH 7.0. At the end of the experiment, any residual ⑀ 9-cis of 45,500 M −1 cm −1 (Hubbard and Kropf, 1958) . From the overpigment was bleached with light in order to obtain the control aball template at different y values (Figure 2C ), log 10 (S 600 /S 480 ) can be sorbance at 560 nm after total loss of pigment. obtained to give the calibration curve of Figure 2D .
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